In a theoretical study of the gas phase insertion of transition-metal cations into the C-H and C-C bonds of simple alkanes, an unusual aspect of the metal-carbon bond was discovered. Using ab initio methods (generalized valence bond and configuration interaction), it was found that the two methyl groups in Co(CHs)z do not bond to equivalent sd hybrid orbitals as one might expect. Instead, using a single valence bond (VB) spin coupling, we found two distinctly different bonds: one to a Co 4+like orbital and the other to a 3d-like orbital, leading to a distortion of the molecule from its symmetrical geometry. With the resonance of two valence bond configurations, the bond distances become equivalent and symmetry is restored, however, the bonding orbitals in each configuration remain quite inequivalent. Similar behavior was observed on the potential-energy surface of CoHz and this description was found to carry over to Co(H) (CHs) +, where one VB configuration dominates: the hydrogen bonds to the Co 4s orbital while the methyl group bonds to a 3d orbital. The behavior of the cobalt complexes contrasts dramatically with that of the isoelectronic complexes Rh(R,) (R,) + and Ir (R, ) ( R2) + ( R1,RZ = H,CHs), in which the ligands form bonds to sd hybrid orbitals. These orbitals are essentially the same in the case of R, =H and R,=CH, and strictly equivalent in the case of Rr =RZ.
I. INTRODUCTION
Unligated transition-metal cations are active catalysts for oxidative addition and reductive elimination of organic molecules in the gas phase. Insertion into C-H and/or C-C bonds is very common, eventually leading to the elimination of H2 or smaller alkanes. ' The reactions of Co+ have been under particular scrutiny in the last ten years, using a variety of experimental techniques.26 One such technique measures the kinetic-energy release distribution (KERD) of the products, yielding information about the potential-energy surface in the exit channel region.2AP7 Such measurements led to a cohesive energy for Co ( CH,) ; (relative to Co+ and ethane) of 23 kcal/mol.2 Early calculations* on this ion indicated that it is higher in energy than the separated products, although there is an energy barrier connecting them which makes the dimethyl structure a local minimum. Accurate calculations by Rosi et al.' substantiated this result, and placed separated products 2.6 kcal/mol lower than the dimethyl. This discrepancy between experiment and theory prompted us to take a closer look at the potential energy surface for Co(CH3)c.
We found that the electronic structure of the Co( CH,); complex is rather peculiar. In particular, wave functions including intermediate levels of electron correlation lead to breaking of the C2, molecular symmetry. Sufficiently accurate wave functions restore the appropriate symmetry, but keep some unusual character in the cobaltcarbon bonds. On the other hand, Rh( CH,)$ and Ir( CH,): do not lead to symmetry breaking. In this paper, we present a detailed look at this phenomenon, analyzing both the causes and effects of symmetry breaking. Our conclusions on the M(CH,)$ complexes lead to predictions about the M(H) (CHs) + systems, which are born out by computations. Symmetry breaking is often ignored but is by no means exceptional in the quantum-chemical literature.1e-'8 It generally occurs whenever there is a competition between resonance among various valence bond (VB) bond couplings on the one hand, and the energy gain by better describing just one of these bond couplings. One classical example is the description of core-hole states in homonuclear diatomits, e.g., in 0: and N2 .
+ 12-16 Here the localized hole in the 1s orbital polarizes the other orbitals much more efficiently than if the hole is delocalized in a symmetry orbital ( ug or a,) . The final wave function is a superposition of the two localized structures:
Another case is in three-electron three-center radicals such as ally117 and formyloxyli8 radicals, where the competitionis between a state having the radical delocalized over all three centers and a single valence bond structure:
A Or /k vs /f%y'fi--+A metry breaking to occur in the Hartree-Fock (HF) description of certain transition-metal complexes;'q'20 They studied MnO, and MnO+ and found the bonds to be strongly polarized with the orbitals localized on either the metal or the oxide centers. With the introduction of correlation, the bonds become covalent, each having character on both the metal and the ligands. They attributed this unphysical behavior to the weak interaction of the metal 3d orbitals with the oxygen 2p orbitals coupled with the incorrect description of the dissociation limit at the HF level. They argued that HF overestimates the extent of ionic contributions to the bonds such that a multiply bonded system can reduce Coulombic repulsion by localizing the bonds on different centers. While a number of similarities can be found between Co( CH,); and the behavior of the MnOc and MnO+ systems, the situation is novel in Co(CH,)$ as symmetry breaking is observed at a correlated level but not in the HF wave function.
II. DESCRIPTION OF THE BONDING
Previous work has shown that the bonding of organic ligands to transition metals is well described in terms of the ground or low-lying excited states of the metal.21 The ground state of Co' is d* (3F); however, the compact 3d orbitals of the late first row transition metals generally do not form strong covalent bonds to ligands. Thus, CoH+ (Ref. 22) and CoCH$ (Ref. 23 ) are dominated by the s'd' ( 5F) excited state of Co+ (at a cost of 9.9 kcal/mol). For the dimethyl complex, CO(CH~)~, the neutral species has been found to bond linearly using the ?d7 ground state of the metal atom, but, the cation is bent at the metal center and uses the s'd7 state of Co+, since promotion to the ?$ state is prohibitive ( 116 kcal/mol). ' The two Co-C bonds in Co( CH,); are therefore formed by the 4s orbital and a 3d orbital.
The geometry of Co(CH,),f used in these calculations has C,, symmetry with the two methyl groups eclipsed and geometrically equivalent and the four out-of-plane hydrogens nearer each other than the two in-plane hydrogens (a conformation similar to propane). With the C-Co-C backbone in the yz plane and z the C2 axis of rotation, the two methyl groups form bonds to the 4s and 3dyz orbitals of the metal. There are two common approaches using these orbitals to describe the metal-ligand bonds in such a system. The first involves delocalized orbitals possessing the full symmetry of the molecule [molecular orbital (MO) theory]. In this case, the 4s orbital forms a bond with the symmetric combination of carbon sp3 hybrid orbitals and the 3d,,z orbital forms a bond with the antisymmetric combination of these hybrids:
The second way of looking at the bonding in such a system involves localized sd hybrid orbitals (VB theory). Thus s+dyz gives a bond in the direction of one of the two ligands while s-d,,= gives a bond in the direction of the other: Perry, Goddard III, and Ohanessian: Symmetry breaking 
It is often considered that these two descriptions are identical since the two equivalent localized orbitals can be obtained by plus and minus combinations of the delocalized orbitals. Generalized valence bond (GVB) calculations24 suggest a third way of looking at these types of systems. It involves localized but inequivalent bonds which resonate to obtain the proper symmetry of the molecule. In the case of Co( CH3)2+, one carbon forms a bond to an orbital which is dominantly 4s on the metal and the other forms a bond to an orbital which is dominantly 3d: f 7 4, =\ ,T ;. u 83
Since there are two ways of localizing the orbitals (equivalent by a mirror reflection or C2 rotation), a resonance exists between these two configurations which leads to a molecule with symmetric bonds:
,Fb" 2-d. c_c 5l!J :-0F9-Complete active space self-consistent-field (Ref. 25 ) and multireference configuration interaction (MRCI) calculations on this system include the effect of resonance and lead to symmetric bonding. As we see this effect in Co( CH,),+ and a few related systems but not in Rh(CH,>g and Ir(CH3)$, we present a rigorous analysis of the CASSCF and GVB wave functions to better understand this fundamental difference.
Ill. RESULTS
A. HF, GVB-PP, and R-GVB calculations
At the HF level of calculation, the bonding orbitals are delocalized and belong to the a, and b, irreducible representations of the C,, point group. The bond in a, symmetry is chiefly composed of the cobalt 4s orbital and the symmetric combination of the two carbon sp3 hybrids and the bond in b2 symmetry is composed of the 3dyz orbital and the antisymmetric combination of the carbon hybrids. The six remaining nonbonding 3d electrons can be arranged in a number of ways, with the ground state being 3B1 [the occupations of the nonbonding 3d orbitals are (@-x2-~*)*(xy)~(xz) '(x2-y2) '1. When the symmetry constraint on the orbitals of the HF wave function is intentionally lowered to C, optimization of the wave function does not lead to symmetry breaking. The orbitals maintain their C,, character. Although these HF calculations provide a decent qualitative picture of the bonding in this system, the energetic results are quite poor, with Co (CH,) 2' unbound by 14 kcal/mol with respect to its diabatic limit of Co+ (5F) and two methyl radicals! However, because of the improper dissociation of the HF wave function, the inserted complex is a local minimum on the potential-energy surface. This unphysical result can be remedied by the inclusion of electron correlation in the wave function. One of the simplest means of improving upon HF is with a GVB \F ;I /c\M/c\ perfect pairing wave function [GVB-PP( 6/6), see Appendix A for an explanation of the notation] in which the four electrons of the two bonds are correlated in the same way as for VB. The type of correlation described by GVB leads to localized bond pairs, a starting guess for which can be obtained from the HF orbitals by taking plus and minus linear combinations of the a, and b, bonding orbitals and a similar linear combination of appropriate virtuals, leading to two sets of first and second natural orbitals describing equivalent bonds formed from sd hybrids. Optimization of the GVB-PP(6/6) wave function stabilizes the insertion product by 50 kcal/mol with respect to the HF results, as expected. However, inspection of the orbitals [ Fig. 1 (a) ] reveals that the two localized bonds are inequiualent. One methyl group bonds to an orbital which is clearly 4s-like on the metal and the other bonds to an orbital which is just as clearly 3d-like. Optimizing the geometry for this wave function leads to a structure with C, symmetry, where the 3d bond is 2.086 A and the 4s bond is 2.022 A, a difference of 0.064 A. Strangely, the 4s orbital is significantly larger than the 3d orbital, but the Co-C 4s bond is the shorter of the two. As we would expect the 3d bond to be intrinsically shorter than the 4s bond, the likely explanation is that Pauli repulsion to the stronger 4s bond increases the 3d bond length. Analysis of the Mulliken populations (Table   I ) demonstrates that the s bond is essentially covalent with 45% metal character and 51% methyl character (the remainder being on the second methyl group). On the other hand, the d bond shows a fair amount of charge transfer; the metal character is 61% and the methyl character is only 38%. While there is still a negative charge on the carbon center (as is the case for isolated CH, and for the 4s-bonded methyl group), the charge transfer leads to a net positive charge on the d bonded methyl group.
We view the main reason for the bonds having different character as being due to the disparity in the sizes of the 4s and 3d orbitals, a ratio computed to be 2.58:1 for co+.26 This large discrepancy reduces the effectiveness of sd hybridization to increase the overlap of the metal bonding orbitals with the ligands. The ratio decreases to 1.97:l and 1.651 for Rh+ and Irf, respectively, suggesting that rhodium and iridium may not demonstrate the same type of behavior as cobalt in an M( CH,)$ complex. Indeed, GVB-PP(6/6) calculations on Rh(CH,)$ and Ir(CH,)$ show that the metal-methyl bonds are equivalent and are formed by sd hybrids, each pointing to one carbon [see Figures 1 (b) and 1 (c) and Table II ]. Thus, symmetry breaking does not occur in these systems and optimizing the geometry leads to a C,, minimum structure. As further evidence of the problem in the 3B, state of Co(CH,),f do not lead to symmetry breaking. This state does not involve sd hybridization but dd hybridization as it is derived principally from the d* configuration of the cobalt cation. These results support the argument that the problem at hand is the inefficiency of the hybridization of the 4s and 3d orbitals.
An important element missing from the GVB-PP calculations on Co(CH,)$ is resonance. Since it is intuitive that the GVB-PP wave function has two possible ways of localizing the bonds (d bond to one methyl and s bond to the other and the reverse situation), the question remains as to whether inclusion of resonance between the two leads to equivalent bonds. Thus, we consider the two equivalent wave functions Ysd and \vd, where C&w& This resonating GVB (R-GVB) wave function2' has the proper symmetry at C,, geometries, so the question then arises whether it also restores structural C2, symmetry for the molecule. Reoptimization of the geometry in a point-bypoint manner for the R-GVB wave function (as outlined in Appendix A) leads to an optimal geometry possessing C,, symmetry with a Co-C bond length of 2.07 A and a CCo-C angle of 104.6". We find that resonance contributes a total of 12.5 kcal/mol worth of stabilization to the bond energy. Asymmetric distortions that shorten one bond and lengthen the other lower the energy of one of the perfect pairing resonance configurations but raise the energy of the other. However, the energy gained by one configuration upon distortion of the geometry is not enough to balance the loss in resonance energy and, thus, the stabilization is at a maximum when the two bonds have equal lengths. "Bond 2 is equivalent to bond 1 by a mirror reflection. Populations for the second bond are not shown for the sake of brevity. "see footnote a for Table I . Ideally, since the resonance is such a strong effect, we would like to optimize the orbitals self-consistently in a wave function which possesses both the correlation of the bonds and the resonance between them. Optimization of the R-GVB wave function in such a manner (a GRVB or generalized resonating valence bond calculation") is difficult and the resulting wave function does not lend itself to dynamical correlation at the CI level. Instead we have considered the wave function constructed using a full CI of the six nonclosed shell orbitals of the GVB(6/6) wave function (two from each of the bond pairs and the open shell or triplet orbitals) . The orbitals of this wave function are then solved self-consistently in what is known as a CASSCF or GVBCI-SCF calculation. Symmetry breaking is not observed for this level of wave function and the natural orbitals of the CASSCF are delocalized, belonging to the irreducible representations of the C,, point group. Asymmetric distortions of the geometry are unfavorable (as in the R-GVB calculations) leading to a minimum with geometrically equivalent methyl groups. Table III gives a breakdown of the most important configurations in the CASSCF wave function. The most striking feature of the CI expansion for Co(CH3)z is the strong correlation of the 3dyz b2 bond pair to both methyl groups: the single and double excitations to the antibonding orbital have unusually large weights. The rather prominent importance of the single excitation (missing from the perfect pairing wave function) is to allow the proper description of spin polarization in the 3d bond, a strong effect due to the sizeable exchange interaction among the high spin 3d electrons ( -20 kcal/mol per pair). The importance of this configuration is greatly diminished in a CASSCF (4/4) calculation on the 'A, state of the cobalt complex since no such coupling can occur. The large coefficient of the double excitation reflects the fact that the 3d orbital is small and does not overlap well with the two methyl radicals. This excitation takes care of the left-right correlation which grows in importance with decreasing overlap in covalent bonds. In contrast, comparable excitations out of the 4s a, bond are an order of magnitude smaller in weight. The significance of this will become apparent in Sec. IV.
Due to concern that the GVB and CASSCF(6/6) calculations may not properly account for sd hybridization in Co+ systems (see Appendix B), we have also considered a CASSCF( lO/lO) calculation and a multireference singles plus doubles CI (MRCI). The CASSCF( lO/lO) calculation includes the in-out correlation of the two doublyoccupied nonbonding d orbitals on the metal while the MRCI includes the effect of dynamical correlation of all valence electrons. In the CI calculations, the three configurations in the CASSCF(6/6) with the largest weightsthe dominant configuration and the single and double excitations from the b2 bond to the b2 antibond-are used as references. The 1111 configuration (the product of two singles from the a, and b2 bonds to the al and 6, antibonds) also has a large weight, however, due to the large number of spin couplings associated with this configuration (nine), including it in the reference space leads to an expensive CI with 2 150 000 configuration state functions (CSF) . As it is, the three-reference CI (further referred to as MRCI/3) has 790 000 CSF in C,, symmetry and 1 570 000 CSF in C, symmetry. The geometry was optimized at this level in C,, symmetry (J&c= 1.977 A and 8,,,,=98.3") and distortions were made in C, symmetry. No symmetry breaking was observed. A single point calculation was then done at this optimized geometry at the CASSCF( lO/lO) and the four-reference CI (MRCI/4) levels, with no qualitative changes in the wave function observed in comparison to the CASSCF(6/6). Table IV gives properties of the CASSCF(6/6) and MRCI/4 wave functions, while Table V gives a summary of the total energies and complexation energies for all levels of calculation at the CI optimized geometry. CASSCF(6/6) and MRC1/3 calculations were also done on the rhodium and iridium complexes with an analysis of the CASSCF results given in Table VI. IV. DISCUSSION A. Bonding differences between Co(CH,)$ and WCW,+, WW,+
We have proposed that the underlying cause of the symmetry breaking in Co(CH,):
is the dramatic difference in the sizes of the 4s and 3d orbitals of the cobalt This difference can be seen in the CASSCF and MRCI wave functions where the delocalized 3d bond requires more correlation than the 4s bond, resulting in bonding natural orbitals with significantly different occupation numbers [ 1.921 for the ul and 1.678 for the b, CASSCF(6/6) first natural orbitals]. This is at variance with CASSCF(6/6) results (Table VI) for Rh(CH,)$ (1.896 and 1.894, respectively) and Ir(CHs)zf (1.930 and 1.916, respectively). Indeed, a requirement for strict hybridization of orbitals to occur is that their occupation numbers be identical. For instance, in methane, widely recognized to involve bonding from four equivalent sp3 hybrid orbitals, the CASSCF(8/8) occupation of the symmetry adapted s bonding orbital ( 1.984) is essentially identical to that of the threep bonds (1.978), even though the orbitals are distinctly different energetically (-0.941 vs -0.546).
This point can be better understood by considering a GVB-PP wave function which involves the correlation of two equivalent bonds. Thus, we define the GVB wave function as
These localized bonds can be formed from delocalized symmetry orbitals by making the appropriate linear combinations:
q~~=l/~(l~l+lbz), 9)21 = l/v% la, -lb2), 4)12= l/vWa,+262), ~p~~=l/fl(2~1,-22b~).
When expanded, the GVB-PP wave function in terms of delocalized orbitals becomes (2) where the spin term is (&-Pa> x (@--Pa).
From this seemingly more complicated wave function it can be proved from inspection that the occupations of the la, and lb2 orbitals are necessarily identical (as is also the case for the 2u, and 2b2 orbitals). Thus, a system which is well described by bonding of equivalent hybrid orbitals (such as CH4) will exhibit this property. From an analysis of the CASSCF( 6/6) wave function (Table III) , we find some deviations from this simple picture in the bonding of Rh(CH,),f and Ir(CH,)$.
While excitations from both of the first natural orbitals of the two bonds are of the same magnitude, the occupations of the second natural orbitals are not equal. We associate this discrepancy to the inclusion of ionic terms in the GVB wave function, such as ( lu,+lb2)2(2u,+2b2)'(2ul-2b2) ' and These deviations in the wave functions of the Rh( CH,); and Ir(CH3)$ systems from the simple GVB picture are relatively minor in comparison to the qualitative change that clearly exists in the wave function of Co( CH,) 2'. Here the weights of the single and double excitations from the b2 bond to the b2 antibond are nearly 3 times larger than that of the 1111 configuration, which should be the most important excitation according to Eq. (2). These excitations are also an order of magnitude larger than the weights of all other excitations. It is difficult to credit this discrepancy to the effect of ionic terms alone. We maintain that these differences evidence the presence of resonance in the wave function.
Determining if the CASSCF and MRCI wave functions are describing a system involving hybridization or resonating bonds is rather difficult. To that end, we find that when the 1111 configuration is removed from the wave function the orbitals tend to localize. This is apparent from the two expressions for the GVB-PP wave function in Eqs.
( 1) and (2). Using localized orbitals, the 1111 configuration is not included in the CI, but using delocalized orbitals, it is the most prominant excitation, implying that the importance of this configuration can be minimized by localizing the orbitals. We have done a number of CI calculations which amount to a GVBCI (or CAS) with the 1111 configuration removed. We used the CASSCF natural orbitals and made linear combinations of the a, and b2 bonds (and their antibonds) to localize equivalent orbitals. The results are given in Table VII . As expected, it is costly to remove this configuration from the CI when the orbitals are delocalized ( Edd is greater than 12 kcal/mol for all We thus suggest that the role of the 1111 configuration in the wave function of Co( CH,)$ is markedly different from that of the rhodium and iridium complexes.
As the question of resonance is mainly an issue of spin pairing (the 4s orbital can spin pair with either methyl group as can the 3dy, orbital), when the orbitals are localized this is largely accomplished through the 1111 configuration with nonperfect pairing spin couplings. A careful analysis of the nine spin couplings associated with this configuration in the CASSCF( 6/6) wave function (six open-shell electrons coupled triplet) indicates that one CSF is dominant. This is the G2 state,29130 in which the two electrons of the first bond are coupled triplet as are the two electrons of the second bond. These four electrons are coupled antiferromagnetically into a singlet and the remaining two open-shell 3d electrons lead to a total spin of triplet. This CSF, in which the perfect pairing of the bonds is broken, has a weight of 0.0185 compared to the Gl state (singlet coupling of the two bond pairs) which has a weight of 0.0016 and the GF state (quintet coupling of the four bonding electrons) which has a weight of 0.0003. No other spin couplings have significant weights as they break the triplet coupling of two open shell 3d orbitals. We make the assumption that when one set of natural orbitals is delocalized, resonance is accounted for without the 1111 configuration, since the partial delocalization allows bonds to be formed to both methyl groups by either the 4s or 3dyz orbital. If it is the case that the 1111 configuration accounts for most of the resonance when the obitals are localized then the difference in energy between E,( and Edl (or Eld) should be a measure of the stability of the resonating bonds vs. the hybridized bonds. Our calculations indicate that the resonating wave function is stable by about 6 kcal/mol with respect to hybridization at the CASSCF(6/6) level, while it is stable by only about 3 kcal/mol at the CASSCF( lO/lO) level. Following our discussion in Appendix B, it is evident that sd hybridization becomes more favorable with correlation, explaining the decrease in the energy gap at the higher level.
While the cause of symmetry breaking in Co(CH3)$ may be the difference in overlap of the 4s and 3d orbitals with the ligands, does it necessarily follow that inequivalent bonds would be of lower energy than equivalent bonds? An important difference between the Co(CH,)z and the complexes of the other two metals is that both rhodium and iridium have significantly more d character in their bonds to the two methyl groups [Co: 37.0% s, 4.3% p, 58.7% d; Rh: 12.9% s, 2.4% p, 84.8% d; Ir: 23.9% s, 3.2% p, 72.9% d at the CASSCF( 6/6) level]. This is not a reflection of the total s and d populations on the metal, as the numbers for Co+ are intermediate to those of Rl+ and Irf. The chief difference is that, in the cobalt complex, virtually all of the s character goes into forming bonds to the two methyl groups leaving the singly occupied a, orbital with almost pure 3d character (only 8.1% s). For rhodium and iridium, this nonbonding orbital includes a sizeable portion of s character (46.1% and 3 1.3%, respectively). It has been argued that the optimum mixture of s and d character in the bonds leading to the greatest overlap with the ligands, the principle advantage of hybridization, often includes more d character than s.~',~* This is especially true for the second and third row metals and the early metals of the first row.32 A second explanation can be found by further examination of the CI expansion for \yovu [Eq. (2)]. Assuming pure sd hybridization, the dominant bonding configuration is s1d7. However, the correlation of the bonds introduces some ?d6 and some d8 character through double excitations of the type lb;+ 2~: and la: -+ 2b:, respectively. This is especially acute in the GVB-PP wave function where the coefficient of each of these . . configuratrons IS 4 c2. While the atomic state splittings would tend to favor an increase in the d8 contribution to the bonding, the ?$ state is virtually inaccessible in all three metals. The CASSCF calculations can reduce the degree of ?d6 character by easing the constraints on the coefficients of these excitations. Thus, the coefficient of the la: -+ 2bz excitation increases (increasing d8 character) and the coefficient of the lb* 2 + 2~: configuration decreases (decreasing .szd6 character). Alternatively, by mixing more d character into the bonds, the contribution of the ?d6 metal configuration is also reduced. Eliminating this problem is more difficult in the case of Co(CH3)c as mixing more d character into the bonds surely reduces the intrinsic bond strengths. However, if the bonds are inequivalent, as in the GVB-PP (6/6) calculations, only the s'd' configuration is involved. Since the principal advantage in sd hybridization is to increase the overlap with the ligands and since the effectiveness of this is small for cobalt due to the disparity in the sizes of the 4s and 3d orbitals, the costs for hybridization outweigh the gains. As a result, inequivalent bonding is seen.
In an attempt to determine if any physical differences arise as a result of the different qualities of the wave functions, we have also examined the vibrational frequencies of the modes associated with motions of the metal-carbon bonds of Co(CH3)c, Rh(CH,)z, and Ir(CH3)z. Table  VIII lists the force constants and vibrational frequencies associated with the symmetric and asymmetric stretches and the bending mode. Both the stretching modes increase in strength as Co < Rh < Ir, while the bending mode decreases in strength as Co> Rh > Ir. The asymmetric stretch is the mode which should be of most interest to the question of symmetry breaking in the Co(CH3)$ system, however, no unusual behavior associated with this mode is observed. It is lower in energy than the asymmetric stretches of the rhodium and iridium complexes but this reflects the fact that the symmetric stretch is weaker as well. The most unusual aspect of these calculations is the behavior of the CASSCF(6/6) wave function for Rh (CH,>$ and Ir (CH,); in response to an asymmetric distortion of the geometry. We find that as the geometry is increasingly distorted, the first natural orbitals of the metal-carbon bonds change from delocalized s and d bonds to localized sd hybrids (the second natural orbitals remain delocalized). This qualitative change in the natural orbitals leads to problems in obtaining a consistent description of the system at the MRCI level. With only three reference configurations, the MRCI based on localized orbitals is lower in energy than that based on delocalized orbitals. Thus, the MRCI leads to an unphysical description of the asymmetric stretch. Instead, we use the GVB-PP orbitals as a basis for CI calculations. These orbitals consistantly localize as sd hybrids (both first and second natural orbitals) and a three-reference CI (including the dominant and double excitations from bond 1 to its antibond and bond 2 to its antibond) leads to a wave function comparable to the MRCI based on the CASSCF orbitals. In fact, as is seen in the energetics given in Table V , the GVBSD level gives a lower energy than the MRCI/3 level. This is due to the fact, as already illustrated, that the GVB-PP wave function includes the most important effects of correlation in just three configurations while the CASSCF (or any wave function based on delocalized orbitals) has a more complicated CI expansion. On the other hand, using the GVB-PP orbitals as a basis for MRCI calculations on Co( CH3)g would be most inappropriate due to the symmetry breaking. Thus it is necessary to use the CASSCF orbitals as a basis.
B. Related systems
A large amount of theoretical work has been done on the monomethyls and monohydrides of the first and second row transition metals.22723,32-35 This body of work has demonstrated the strong similarity between these two ligands. As a result we expect that CoH2f would be the species most similar to Co( CH,):. In fact, at a geometry typical of an inserted complex (RCowH= 1.55 w and 8=900>, the GVB-PP(6/6) wave function shows the same type of symmetry breaking seen in the dimethyl system. However, as was recently shown by Bauschlicher et al., 36 CoHc is a molecular complex. In contrast to Co(CH,)z, CoHz has no barrier between the inserted complex and the lower-energy molecular complex.37 The lack of a barrier is due to the absence of directionality in the H 1s orbital. The highly directional sp3 hybrid orbital of the CH3 ligand leads to a destabilized transition state and a high barrier to reductive elimination of ethane from Co( CH,);.
This distinction between the behavior of H and CH3 as ligands was previously noted by Low and Goddard38 in their study of the oxidative addition of H,, CH,, and C2H6 to complexes of Pd and Pt and Blomberg, Siegbahn, and co-workers39 made similar conclusions about these two ligands. Thus, although theoretically CoH$ is simpler to treat than Co(CH,),f, additional insight into the nature of symmetry breaking in the inserted complex is obscured by the facile dissociation to the molecular complex.
A second consideration of the CoH$ results prompted us to look at the case of Co(H) (CH,) +. The motivation for looking at such a complex is that the M-H+ and M-CHZ bonds are similar and that both the dihydride (though unstable) and the dimethyl complexes show inequivalent bonding. The mixed ligand complex then represents a system in which the same effects found in Co(CH,)$ and CoHz should be present but symmetry breaking cannot be observed. The nature of the symmetry breaking in Co(CH3)z suggests that replacing one methyl by a hydrogen atom, a small perturbation by itself, might lead to a large change in the wave function, with one resonance configuration being dominant in Co(H) (CH,) + . Arguing that the 4s bond is found to be covalent but the 3d bond is found to involve charge transfer from the ligand to the metal (see Table II ) and the ionization potential of hydrogen is 13.6 eV and that of the methyl radical is 9.8 eV and a positive charge on the hydrogen ligand would be repulsive to the positively charged metal center, we expected that the hydrogen ligand would bond to the 4s orbital (without charge transfer) and the methyl ligand would bond to the 3d (with charge transfer). From Table X .1 While the same charge-transfer character can be observed in these complexes (the H is neutral and the methyl group is positively charged), bonding still occurs to metal sd hybrids. The significance of this result is that it shows that the metals of the second and third row have a propensity to bond with sd hybrid orbitals while in the first row bonds are formed from uncoupled s and d orbitals.
V. CONCLUSIONS GVB calculations on the transition-metal complexes M( CH,):, with M=Co,Rh,Ir, show that M=Rh,Ir leads to sd hybridization but M=Co does not. For Co+, the large difference in the sizes of the 4s and 3d orbitals results in inefficient hybridization.
Instead, uniquely different bonds are formed-one methyl bonds to the 4s orbital and the other bonds to a 3d orbital. Thus, the GVB-PP(6/6) wave function, with only one VB coupling, leads to symmetry breaking, however the wave function which includes resonance with the second VB coupling (R-GVB) restores symmetry. High-order wave functions (CASSCF and MRCI) do not exhibit symmetry breaking, and although not transparent, we find that these wave functions lead to the same description as R-GVB (resonance of decoupled s and d bonds). These results are contrasted with those for the Rh( CH,),f and Ir( CH,); complexes in which both bonds are sd hybrids at the GVB level and in higher-level All calculations use the relativistic effective core potentials (RECP) of Christiansen et uI.~ These ECP treat the outer core s and p shells together with the valence. For the group 9 cations, this amounts to treating 16 electrons explicitly (e.g., 3?3p64s'3d7 for the 5F configuration of Co+). We have optimized triple-zeta quality basis sets for the three metals in this study and these are given in Table  XI . The overall bases are (7&p6d/4s4p3d) for Co+ and (7s6p5d/4s4p3d) for Rh+ and Ir+. Basis sets were optimized for the energy of the lowest-lying 3F (d*) and 5F (s'd7) states of the atomic cations. The core and valence s functions were optimized for the 5F states. The corep functions were optimized for the ground states ( 3F for Co+ and Rhf and 'F for Ir+). The valence p functions were optimized for the 5G (p'd') states and since these are rather diffuse excited states, the exponents were then scaled by 1.2 to obtain valence functions. The d functions were optimized for the 3F states, as recommended by RappC et aL4' This procedure should lead to well balanced bases for both the 3F and 5F states, which mix extensively in many molecular complexes. To illustrate the quality of these basis sets we provide a table (Table XII ) of the energy difference between the 'F and 'F states for various levels of calculation as compared to the experimental splittings. To obtain quantitative accuracy it is necessary to supplement these basis sets with f polarization functions and to use an MRCI treatment. Both of these improvements greatly enhance the expense of the calculations at hand and test calculations on Co(CH3)$ using the larger triple-zeta plus polarization quality basis set did not alter the nature of the wave function, so the smaller bases were used. For carbon we used the standard Dunning double-zeta contraction of Huzinaga's (9s5p) set.42 To this one set of d polarization functions with an exponent of 0.75 was added. For hydrogen, the standard (4s/2s) set, scaled by a factor of 1.2, was used.42 As indicated in the text, we have made a change in the standard notation for GVB-PP wave functions. In the old notation, one would specify the number of pairs of electrons being correlated and the number of orbitals used by these pairs. Thus, the GVB calculation on the 3B, state of Co( CH,)$ would be referred to as a GVB-PP (2/4). In the new notation, the number of nonclosed shell electrons is specified (correlated pairs and open-shell electrons) as well as the number of orbitals used by these electrons. Thus, the same GVB calculation is now referred to as a GVB-PP( 6/ 6). This change in notation is made for consistency with that used for CASSCF wave functions.
Full gradient geometry optimizations were performed on the GVB-PP wave functions of the M(CH,)$ and M(H) (CH,) + systems. In addition, constrained geometry optimizations were performed on the MRCI/3 wave functions of the M(CH,)t complexes and the R-GVB wave function of Co( CH,)$. The nature of these constraints follows Rosi et aL9 The C-H bond lengths were fixed to 1.095 A and the M-C-H bond angles were fixed to 105.2 [the MCPF optimum angle for the 3B1 ground states of both Co(CH,)$ and Rh(CH3)$].9 This leads to local C,, symmetry on each of the methyl groups. Calculations were performed using the GVB (Ref. 'Pooulations are for the sum of the first and second natural orbitals of the bond in the case of GVB and the first only in the cases of CASSCF and CI. Th; numbers in parenthesis give the percent character in the bond. bIn these three calculation, the two electrons of the Co-C bond are correlated left-right. The three open-shell 3d electrons are also active in the CASSCF( 5/5) calculation and the additional four nonbonding 3d electrons are active in the CASSCF(9/7) calculation. 'In addition to the left-right correlation of the bond, the two doubly-occupied nonbonding 3d orbitals are correlated in-out in these two calculations. 'Four-reference SDCI based on the orbitals of the CASSCF(5/5) wave function.
creased correlation leading to more d involvement in the bonding. This effect is documented in Table XIII for the case of CoCH$. Clearly, the lower-level wave functions (HF, GVB-PP, and the smaller CASSCF) underestimate the extent of d character in the bond with respect to the more highly correlated wave functions (in particular, the MRCI/4). We find that the inclusion of the single excitation within the bond pair improves the amount of d character in the bond from 5-6 % for HF and GVB-PP( 5/5) to 11% for the CASSCF( 5/5). Additional improvement ( > 20% d) is seen with the in-out correlation of the two doubly occupied nonbonding d orbitals on the metal. The impact on this work is a systematic underestimation of the effectiveness of sd hybridization in the Co (CH, ) 2' complex at the lower levels of correlation. A wave function which may be considered qualitatively correct in this regard would be a CASSCF( lO/lO> in which all valence electrons associated with the metal are correlated (dominant excitations include the left-right correlation of the two bonds and the in-out correlation of the two doubly-occupied nonbonding orbitals). This wave function is analogous to the CASSCF( 9/9) of CoCHz which, from Table XIII, shows nearly the same degree of sd hybridization as the MRCI/4.
